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INTRODUCTION 

Defects in recognition and repair of DNA damage may be the decisive step in the 

transformation of a healthy cell into a tumor cell. 53BP1 has been suggested to 

participate in the DNA damage response pathway based on its C-terminal tandem BRCT 

(BRCAl C-terminal) domain and the observation that 53BP1 relocalizes to discrete 

nuclear foci upon exposure of cells to ionizing radiation (Anderson et al, 2001; Rappold 

et al., 2001; Schultz et al., 2000; Xia et al., 2000). 

To obtain insight into the function of this protein we asked whether 53BP1 interacts with 

p53, BRCAl or other proteins known to be involved in the DNA damage response. 

Although the results demonstrated that 53BP1 participates early in the DNA damage 

pathway its function remained elusive. We therefore created a 53BP1-deficient mouse 

model and are investigating whether loss of 53BP1 function leads to defects in DNA 

repair and/or cell cycle checkpoint control and whether 53BP1 plays a role in maintaining 

genomic stability and tumor suppression. 

BODY 

As outlined in the Statement of Work, the first two years of the grant proposal focussed 

on the interaction of 53BP1 with the tumor suppressors BRCAl and p53. We had 

produced monoclonal and polyclonal antibodies towards 53BP1 and demonstrated that 

53BP1 colocalizes and interacts with BRCAl several hours after exposure of cells to 

ionizing radiation. This interaction occurs at sites of DNA double strand breaks as shown 

by co-immunostaining with an antibody towards the activated form of H2AX, a histone 

H2A variant that becomes phosphorylated at areas of DNA stand breaks (described in 

previous annual report and (Rappold et al., 2001)). In contrast, the interaction of 53BP1 

and p53 does not depend on DNA damage. To characterize the 53BP1 domains that 

mediate the recruitment of 53BP1 to sites of DNA strand breaks we generated a series of 

HA-tagged 53BP1 full-length and deletion mutants and studied the IR-induced 

relocalization of these fusion proteins in transiently transfected U20S cells. We could 



show that a region upstream of the tandem BRCT domains is required and sufficient for 

the accumulation of 53BP1 to DNA strand breaks (Fig. 1). 
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Fig.l: A region upstream of the BRCT domains is required and sufficient for damage-induced focus 
localization of 53BPI. A: Schematic diagram of the wild-type or mutant 53BP1 constructs that were N- 
teraiinally fused to a 3xNLS and an HA-tag. Their ability to form damage-induced foci is indicated by a 
(+). KLR refers to the kinetochore localization region. B: U20S cells transiently expressing the HA-53BP1 
constructs were irradiated with 1 Gy and immunostained 1 h later with anti- HA and anti-Y-H2AX 
antibodies. 

Interestingly, this region also binds to phosphorylated but not unphosphorylated H2AX in 

vitro (Fig.2), suggesting that phosphorylated H2AX keeps 53BP1 in the vicinity of DNA 

lesions. 
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Fig^: The 53BP1 region required for focus 
formation binds to phosphorylated H2AX 
in vitro. GST-53BP1 fragments, encoding 
different re^ons of 53BP1 as indicated, 
were incubated with an immobilized C- 
terminal H2AX peptide that was either 
phosphorylated or not at S140. Pulled down 
proteins were identified by SDS PAGE 
followed by immunoblotting with anti-GST 
antibodies. 



Moreover, using H2AX-deficient cells reconstituted with wild-type or a phosphorylation- 

deficient mutant of H2AX we could show that H2AX phosphoiylation at serine 140 is 

critical for 53BP1 accumulation at sites of DNA strand breaks (Fig.3 and Ward et al., 

2003a, appendix). 
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Fig3: 53BP1 focus formation requires binding to phosphoiylated S140 of H2AX. 
H2AX-/- ES cells were transientiy transfected with eitiier HA-tagged wild-type H2AX (H2AXwt) or a 
S140A phosphomutant. 53BP1 foci formation was assessed by IF 1 h after exposure of cells to 1 Gy of IR. 

Since 53BP1 becomes hyperphosphorylated in response to DNA damage, we wondered 

whether 53BP1 phosphorylation is required for the interaction with phospho-H2AX. We 

mapped four in vitro phosphorylation sites, raised phospho-specific antibodies against 

these sites and showed that at least two of them (S25 and S29) are phosphoiylated in vivo 

by ATM, tiie kinase mutated in cancer prone ataxia telangiectasia patients. 53BP1 

mutants that lack all four phosphorylation sites were still able to relocate to Y-H2AX 

containing foci in response to ionizing radiation, suggesting that 53BP1 phosphorylation 

is not required for 53BP1 accumulation. In addition, 53BP1 mutants that lack the region 

required for 53BP1 accumulation and do not relocate to foci in response to ionizing 

radiation can still be phosphorylated (Fig. 4 and Ward et al., 2003a, appendix). Therefore, 

53BP1 phosphorylation and 53BP1 relocalization appear to be regulated independently. 
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Fig.4: Damage-induced phopshorylation of 53BP1 occurs independent of 53BP1 foci formation. A: ATM- 
dependent 53BP1 phosphorylation is not required for 53BP1 foci formation. HA-tagged full length 53BP1 
(FL) or a phosphorylation-deficient mutant of 53BP1 (4SA) were stable expressed in 53BP1-deficient 
embryonic cells. 53BP1 expression levels were assessed by immunoprecipitation. 53BPI foci formation 
was analysed by IF 1 h after 1 Gy of IR. B: 53BP1 foci formation is not required for ATM-dependent 
53BP1 phsophorylation. 53BP1-deficient embryonic cells were transientiy tiansfected with HA-tagged full 
lengtii 53BP1 or a deletion mutant lacking part of the focus formation region. 53BP1 localisation and 
ATM-dependent phosphorylation was analyzed 1 h after 1 Gy of IR by costaining with anti-HA antibody 
and anti-phospho-53BPl antiserum (anti-25P/29P). C: An aliquot of flie transfected cells was either mock 
treated or irradiated with 10 Gy . 53BP1 was immnoprecipitated from cell lysates and 53BP1 
phsophorylation was analyzed by immunoblotting witii the phsopho-specific anti-S25P/S29P antibody. 

To examine the pysiological relevance of the observed interactions between 53BP1, 

BRCAl and p53 we generated a 53BP1-deficient mouse model (for details see Ward et 

al., 2003b, appendix). Mice that lack 53BP1 were growth retarded, radiation sensitive and 

immunodeficient (Ward et al., 2003b). Immunofluorescence staining of BRCAl on 

mouse embryonic fibroblasts (MEFs) derived from 53BP1-/- and 53BP1+/+ littermates 

demonstrated that 53BP1 is not required for radiation-induced relocation of BRCAl to 



DNA strand breaks. Initial experiments that suggested impaired BRCAl foci formation in 

the absence of 53BP1 turned out to be a staining artifact. To check whether 53BP1 

transduces a DNA damage signal to p53, we compared irradiation-induced p53 

stabilization in 53BP1+/+ and 53BP1-/- thymocytes and MEFs. Although p53 levels 

increased in both 53BP1 wild-type and 53BP1-deficient cells upon irradiation, in some 

experiments we observed a reduced and/or delayed p53 response in the absence of 53BP1 

suggesting that 53BP1 may have a subtle effect on p53 regulation. 

To explore whether 53BP1 is involved n the maintenance of genomic stability we looked 

for chromosomal aberrations in 53BP1-deficient MEFs. 53BP1-/- cells showed a 

tendency to aneuploidy and tetraploidy when compared to 53BP1 wild-type cells. 

Genomic instability is a hallmark and prerequisite of cancer. Notably, about 8% of the 

53BPl-deficient mice developed thymic lymphomas within 4 and 7 months of age 

(Fig.5). In contrast, none of the 53BP1+/+ and 53BP1+/- littermates developed any 

tumors within the first year of life (Ward et al., 2003b). 
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FigJ: 53BP1 -/-mice are tumor prone. A: Overall survival of 53BP1+/+ (n=54), 53BP1+/- (n=97) and 
53BP1-/- (n=101) over the course of 10 months. B: Massive thymic lymphoma (T) in a 4-months old 
53BPI-/- mouse. 

Since the genetic background of a given mouse strain greatly influences tumor 

susceptibility as well as tumor type we are currently back-crossing our 53BP1-deficient 



mice into a BALB/c background. We are especially interested to examine whether 

53BPl-deficient mice show a higher incidence of breast and/or ovarian cancers when 

compared to 53BP1 wild-type mice. In addition, we are crossing 53BP1 heterozygous 

mice with p53 heterozygous mice of the same mixed background to investigate how both 

proteins contribute to tumor formation. 

Immunohistochemical staining of a breast cancer tissue array showed that 53BP1 is 

overexpressed in a number of breast cancers. We will soon receive additional breast 

cancer as well as ovarian cancer arrays from in house sources to extend our screening. 

KEY RESEARCH ACCOMPLISHMENTS 

We have shown that: 

• 53BP1 participates together with BRCAl and p53 in the DNA damage response 

• 53BP1 rapidly accumulates at sites of DNA strand breaks in response to genotoxic 

stress 

• 53BP1 accumulation is mediated by a direct interaction with phospho-H2AX 

• 53BP1-deficient mice are radiation sensitive, growth retarded and inmiunodeficient 

• 53BP1-deficient mice have a higher incidence of developing thymic lymphomas 

• 53BP1 is overexpressed in a subset of breast cancer tissues 

9 
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Animal model: 
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CONCLUSIONS 

Our data demonstrate that 53BP1 plays a role early in the DNA damage response. It 

relocalizes to sites of DNA double strand breaks and binds to phosphorylated histone 

H2AX upon exposure of cells to ionizing radiation. The region that binds to 

phosphorylated H2AX resides within the region required for 53BP1 foci formation 

upstream of the C-terminal BRCT domains. Although 53BP1 becomes 

hyperphosphorylated by ATM in response to ionizing radiation, phosphorylation can 

occur in the absence of 53BP1 foci formation suggesting that both events are regulated 

independently. Knock out mice that lack 53BP1 protein exhibit an increased sensitivity to 

ionizing radiation and show a higher incidence of developing thymic lymphomas 

suggesting that 53BP1 plays a role in tumor suppression. Thus, unraveling 53BP1 

function and the underlying molecular mechanism will contribute to our understanding of 

tumorigenesis. 

11 



REFERENCES 

Anderson, L., Henderson, C. and Adachi, Y. (2001) Phosphorylation and rapid 

relocalization of 53BP1 to nuclear foci upon DNA damage. Mol Cell Biol, 21, 

1719-29. 

Rappold, I., Iwabuchi, K., Date, T. and Chen, J. (2001) Tumor Suppressor p53 Binding 

Protein 1 (53BP1) Is Involved in DNA Damage-signaling Pathways. J Cell Biol, 

153,613-20. 

Schultz, L.B., Chehab, N.H., Malikzay, A. and Halazonetis, T.D. (2000) p53 Binding 

Protein 1 (53BP1) Is an Early Participant in the Cellular Response to DNA 

Double-Strand Breaks. J Cell Biol, 151,1381-1390. 

Ward, I.M., Minn, K., Jorda, K.G. and Chen, J. (2003a) Accumulation of checkpoint 

protein 53BP1 at DNA breaks involves its binding to phosphorylated histone 

H2AX. JBiol Chem, 278,19579-82. 

Ward, I.M., Minn, K., Van Deursen, J. and Chen, J. (2003b) p53 Binding Protein 53BP1 

Is Required for DNA Damage Responses and Tumor Suppression in Mice. Mol 

Cell Biol, 23,2556-63. 

Xia, Z., Morales, J.C, Dunphy, W.G. and Carpenter, P.B. (2000) Negative cell cycle 

regulation and DNA-damage inducible phosphorylation of the BRCT protein 

53BPI. J Biol Chem. 

12 



APPENDICES 

Ward, I.M., Minn, K., Jorda, K.G. and Chen, J. (2003a) Accumulation of checkpoint 

protein 53BP1 at DNA breaks involves its binding to phosphorylated histone 

li2AK.JBiol Chem, 278,19579-82. 

Ward, I.M., Minn, K., van Deursen, J. and Chen, J. (2003b) p53 Binding protein 53BP1 

is required for DNA damage responses and tumor suppression in mice. Mol Cell 

Biol, 23,2556-63. 

13 



Accelerated Publication 
THE JOURNAL OF BIOLOGICAL CHEMISTRY 

Vol. 278, No. 22, Issue of May 30, pp. 19579-19582, 2003 
© 2003 bv The American Society for Biochemistry and Molecular Biology, Inc. 

Printed in U.SA. 

Accumulation of Checkpoint 
Protein 53BP1 at DNA Breaks 
Involves Its Binding to 
Phosphorylated Histone H2AX* 

Received for publication, March 14, 2003, 
and in revised form, April 15, 2003 

PubKshed, JBC Papers in Press, April 15, 2003, 
DOT 10.1074/jbc.C300117200 

Irene M. Wardt§, Kay Minnt, Katherine G. JordaH, 
and JuAJie Chentll 
From the %Department of Oncology, Mayo Clinic and 
Foundation, Rochester, Minnesota 55905 and the 
Wivision of Oncology, Columbia University, 
New York, New York 10032 

53BP1 participates in the cellular response to DNA 
damage. Like many proteins involved in the DNA dam- 
age response, 53BP1 becomes hyperphosphorylated af- 
ter radiation and colocalizes with phosphorylated H2AX 
in megabase regions surrounding the sites of DNA 
strand breaks. However, it is not yet clear whether the 
phosphorylation status of 53BP1 determines its localiza- 
tion or vice versa. In this study we mapped a region 
upstream of the 53BP1 C terminus that is required and 
sufficient for the recruitment of 53BP1 to these DNA 
break areas. In vitro assays revealed that this region 
binds to phosphorylated but not unphosphorylated 
H2AX. Moreover, using H2AX-deficient cells reconsti- 
tuted with wild-type or a phosphorylation-deficient mu- 
tant of H2AX, we have shown that phosphorylation of 
H2AX at serine 140 is critical for efficient 53BP1 foci 
formation, implying that a direct interaction between 
53BP1 and phosphorylated H2AX is required for the ac- 
cumulation of 53BP1 at DNA break sites. On the other 
hand, radiation-induced phosphorylation of the 53BP1 
N terminus by the ATM (ataxia-telangiectasia mutated) 
kinase is not essential for 53BP1 foci formation and 
takes place independently of 53BP1 redistribution. 
Thus, these two damage-induced events, hyperphospho- 
rylation and relocalization of 53BP1, occur independ- 
ently in the cell. 

The DNA of eukaryotic cells is constantly exposed to endog- 
enous and exogenous DNA-deunaging agents. To prevent the 
accumulation of genomic damage and avert cellular dysfunc- 
tion, cells have evolved complex response mechanisms. 53BP1 
was initisdly identified as a protein that binds to the central 
DNA binding domain of p53 and enhances p53-mediated tran- 
scriptional activation (1, 2). In response to genotoxic stress, 

* This work was supported by grants from the National Institutes of 
Health, Breast Cancer Research Foundation, and Prospect Creek Foun- 
dation. The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked "advertisement" in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

§ Supported by a postdoctoral fellowship from the Department of 
Defense breast cancer research program. 

II Recipient of a Department of Defense breast cancer career develop- 
ment award. To whom correspondence should be addressed. Tel.: 507- 
538-1545; Fax: 507-284-3906; E-mail: Chen.junjie@mayo.edu. 

53BP1 rapidly redistributes from a diffuse nuclear localization 
into distinct nuclear foci suggesting that 53BP1 is involved in 
the DNA damage response (3-6). Moreover the C terminus of 
53BP1 contains two BRCT domains, a motif found in a number 
of proteins implicated in various aspects of cell cycle control, 
recombination, and DNA repair (7,8). Subsequent studies have 
shown that 53BP1 becomes hyperphosphorylated in response 
to ionizing radiation (IR)^ and colocalizes with phosphorylated 
histone H2AX (-y-H2AX) at the sites of DNA lesions (3,4). Other 
proteins known to be involved in the DNA damage signaling 
pathway (i.e. BRCAl, RadSl, NBSl, and TopoBPl) were also 
found to colocalize with 53BP1 in these inducible foci (3,4,6,9). 
Direct evidence for an important role of 53BP1 in the DNA 
damage response came recently from studies using 53BP1- 
deficient cells. Human cell lines treated with specific small 
interfering RNA to silence 53BP1 expression exhibited a defect 
in the intra-S phase checkpoint and, at low IR doses, a partial 
defect in the Gg-M checkpoint (10-12). Moreover 53BPl-defi- 
cient mice are hypersensitive to ionizing radiation and show an 
increased incidence of developing thymic lymphomas (13). Sev- 
eral lines of evidence suggest that 53BP1 is a substrate of ATM, 
the kinase mutated in the human disease ataxia-telangiecta- 
sia, and is involved in the phosphorylation of various ATM 
substrates (3, 6, 10). 

Despite this recent progress made toward 53BP1 function 
little is known about the initial activation of 53BP1. Recruit- 
ment of 53BP1 to y-H2AX foci seems to be a crucial step. 
H2AX-deficient cells lack normal 53BP1 foci formation and, 
like 53BPl-deficent cells, manifest a G2-M checkpoint defect 
after exposure to low doses of ionizing radiation (12). Moreover, 
H2AX-/- mice show a radiation sensitivity similar to 
53BP1-/- mice (14). In this study we mapped the region 
required for 53BP1 foci formation in response to DNA damage. 
We show that a region upstream of the BRCT motifs is suffi- 
cient for 53BP1 foci formation and that this region interacts 
directly with phosphorylated H2AX. Using H2AX-deficient 
cells retransfected with either wild-type H2AX or an H2AX 
phosphomutant we confirm that phosphorylation of H2AX at 
Ser-140 is required for 53BP1 accumulation at DNA break 
areas. In contrast, radiation-induced phosphorylation of 53BP1 
by ATM is not essential for the recruitment of 53BP1 to foci and 
occurs independently. 

EXPERIMENTAL PROCEDURES 

Plasmid Constructs and Transfection—53BPl deletion mutants were 
generated by inserting stop codons and/or restriction sites at various 
positions into pCMH6K 53BP1 (2) using the QuikChange site-directed 
mutagenesis kit (Stratagene). A 3XNLS (nuclear localization sequence) 
was inserted into the Nhel site upstream of the N-terminal hemagglu- 
tinin (HA) and HiSg tags. U20S cells were transfected using FuGENE 
6 (Roche Applied Science) according to the manufacturer's instructions. 
H2AX was PCR-amplified from human genomic DNA and inserted 
between the HA tag and an internal ribosomal entry site fused to the 
puromycin gene of a modified pcDNA3 vector. The H2AX phosphomu- 
tant was generated by replacing Ser-140 of H2AX with an alanine using 
the QuikChange mutagenesis kit (Stratagene). H2AX-deficient embry- 

' The abbreviations used are: IR, ionizing radiation; 7^H2AX, phos- 
phorylated histone H2AX; ATM, ataxia-telangiectasia mutated; NLS, 
nuclear localization sequence; HA, hemagglutinin; ES, embryonic stem; 
KLH, keyhole limpet hemocyanin; Gy, gray(s); GST, glutathione S- 
transferase; aa, amino acid(s); IF, immunofluorescence; BRCT, BRCAl 
C terminus. 
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53BP1 Focus Formation Requires Interaction with y-H2AX 19580 
onic stem (ES) ceUs (provided by C. Bassing, Hef. 15) were transfected 
by electroporation. 

Antibodks—ADti-SGP, anti-S25P/29P, and anti-S784P specific anti- 
bodies were generated by coupling synthetic 53BP1 peptides (S6P, 
CDPTG<P)SQLD; S25P/29P, CIED(P)SQPE(P)SQVLEDD; S784P, 
CSD(P)SQSWEDI where (P)S represents phosphoserine) to KLH using 
Imject maleimide-activated mcKLH (Pierce) prior to immunizing rab- 
bits (Cocalico Biological). The antibodies were affinity-purified on aga- 
rose columns coupled with the non-phosphoiylated or phosphorylated 
peptide (SulfoLink Coupling Gel, Pierce). Anti-53BP1 and anti-7-H2AX 
antibodies were generated as described previously (3). Monoclonal an- 
tibody HAll specific for HA was purchased fi^m BabCO Berkeley 
Antibody Co. Anti-ATM antibody Ab3 was purchased fi^m Oncogene 
Research Products. 

Immunofluorescence Staining, Immunoblots, and Immunoprecipita- 
fion—Cells grown on coverslips were fixed with 3% paraformaldehyde 
1 h after exposure to 0 or 1 Gy of IR. Afl:er permeabilization with 0.5% 
Triton X-100, cells were blocked with 5% goat serum and incubated 
successively with the primary and secondary antibodies, each for 25 
min at 37 °C. In case of DNase or RNase treatment, cells were irradi- 
ated, permeabilized with 0.5% Triton X-100 for 3 min, and incubated 
vrith either DNase I (10 units/ml) or RNase A (50 fig/nil) in phosphate- 
buffered saline plus calcium and magnesium for 30 min at 37 °C prior 
to fixation with 3% paraformaldehyde. Immunopredpitation and im- 
munoblot assays were done as described previously (3). 

ATM Kinase Assays—ATU was precipitated Cmm K562 cells, and 
aliquots of the ATM-protein A-Sepharose immunocomplex were resus- 
pended in 25 ptl of kinase buffer (10 mw Hepes (pH 7.4), 50 mM NaCl, 10 
mM MgCla, 10 mM MnClj, 1 mM dithiothreitol, 10 nin ATP). ATM kinase 
reactions were carried out at 30 °C for 20 min with 10 ^Ci of [-r^^PlATP 
and 1 fig of 53BP1 GST fusion proteins. 

GST Pull-down Assays—GST pull-down experiments were per- 
formed by incubating 3 /ig of various GST-labeled 53BP1 fragments 
with C-terminal H2AX peptide that was either phosphorylated or un- 
phosphorylated at Ser-140 (CKATQA(P)SQEY) and had been immobi- 
Uzed on SulfoLink Coupling Ge\ (Pierce). Bound GST proteins were 
isolated by incubating the mixture for 1 h at 4 'C in 200 id of NETN 
buffer (150 mM NaCl, 1 mM EDTA, 20 mM Tris (pH 8), 0.5% Nonidet 
P-40), washing five times with NETN, eluting the proteins with 2X 
Laemmli buffer, separating them by SDS-PAGE, and immunoblotting 
with horseradish peroxidase-conjugated anti-GST (B-14, Santa Cruz 
Biotechnology). 

Generation of 53BPl-deficient Embryonic Cells—A 53BPl-deficient 
embryonic cell line was derived fit)m 53BP1-/- blastocysts using a 
standard procedure. The generation of 53BPl-deficient mice is de- 
scribed in Ref. 13. 

RESULTS 

A Region Upstream of the Tandem BRCT Motif Is Required 
and Sufficient for 53BP1 Foci Formation—53BV1 is a large 
1972-aa nuclear protein with a C-terminal tandem BRCT mo- 
tif. Upstream of the BRCT repeats resides a bipartite nuclear 
localization signal (predictNLS, Ref 16) and a tudor domain 
(RPS-BLAST, Ref 17), a motif found in several RNA-binding 
proteins. In response to IR, 53BP1 rapidly redistributes to 
distinct nuclear foci that colocalize with 7-H2AX (3,4,6). Treat- 
ment of irradiated cells with DNase, but not RNase, completely 
aboKshed 53BP1 and 7-H2AX foci formation confirming that 
these foci localize to DNA (Fig. lA). 

To determine the minimal region required for the recruit- 
ment of 53BP1 to damage-induced foci, we generated various 
HA-tagged 53BP1 deletion mutants and examined their distri- 
bution in transiently transfected U20S cells (Fig. 1, B and C, 
and data not shown). A 3xNLS motif fused to the N terminus 
of 53BP1 ensured nuclear expression of the various constructs. 
Truncation of the 53BP1 N terminus (Al-1052) or the BRCT 
domains (A1700-1972) did not affect 53BP1 foci formation as 
assessed by IF 1 h after exposure to 1 Gy of IR (Fig. IC). 
However, increasing C-terminal deletions (A1305-1972 and 
A1052-1972) or deletion of a region upstream of the tandem 
BRCT motifs (A1052-1305) abolished 53BP1 foci formation 
(Fig. 2, B and C, and data not shown). Moreover a 53BP1 
construct expressing residues 1052-1639 including the tudor 

PBS     PNaw    RNase 

S3BP1 

■,-H2AX 

loci HA        rHZAX 

TMfw      aflCTBRCT 

IM3 law 

FIG. 1. A region upstream of the BRCT domains is required 
and sufficient for damage-induced focus localization of 53BP1. 
A, DNase but not RNase treatment aboUshes 53BP1 and 7-H2AX foci 
formation in response to 1 Gy of IR. B, schematic diagram of the 
wUd-type or mutant 53BP1 constructs that were N-terminally fused to 
a 3XNLS and an HA tag. Their abilities to form damage-induced foci is 
indicated by a +. KLR refers to the kinetochore localization region. C, 
U20S cells transiently expressing the HA-53BP1 constructs were irra- 
diated with 1 Gy and immunostained 1 h later with anti-HA and 
anti-7-H2AX antibodies. PBS, phosphate-buffered saline. 
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FIG. 2. 53BP1 fori formation requires its binding to phospho- 
rylated Ser-140 of H2AX. A, H2AX-/- ES cells were transiently 
transfected with either HA-tagged wild-type H2AX (HA-H2AXwt) or a 
S140A phosphorylation-deficient mutant (HA-S140A). 53BP1 foci for- 
mation was assessed by IF 1 h after exposvn-e of cells to 1 Gy of IR. B, 
GST-53BP1 fragments, encoding different regions of 53BP1 as indi- 
cated, were incubated with immobilized C-terminal H2AX peptide that 
was either phosphorylated (P) or not at Ser-140. Pulled down proteins 
were separated by SDS-PAGE followed by immunoblotting with anti- 
GST antibodies. The addition of similar amounts of various GST pro- 
teins was verified by SDS-PAGE and Coomassie Blue staining. C, 
H2AX-/- cells were stained with anti-53BPl antibodies and 4,6-dia- 
midino-2-phenylindole, and mitotic cells were analyzed for kinetochore 
localization of 53BP1. 

domain was found to be sufficient for 53BP1 foci formation (Fig. 
1, B and C) suggesting that the domain required for foci for- 
mation is contained within this region. 

53BP1 Focus Localization Region Interacts Directly with 
7-fl2AX—H2AX-deficient cells show greatly reduced 53BP1 
foci formation implying that H2AX is involved in the recruit- 
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ment of 53BP1 to radiation-induced foci (14). H2AX becomes 
phosphorylated at a conserved C-tenninal SQ site upon expo- 
sure of cells to ionizing radiation (18). Phosphorylation of 
H2AX at Ser-140 is impaired in ATM-deficient cells suggesting 
that this site is dominantly phosphorylated by ATM (12). To 
analyze whether phosphorylation of H2AX at Ser-140 is re- 
quired for 53BP1 redistribution we transiently expressed wild- 
type H2AX or a S140A phosphomutant in H2AX-deficient ES 
cells and assessed 53BP1 foci formation. As shown in Fig. 2A, 
expression of wild-type H2AK reconstituted 53BP1 foci forma- 
tion in response to IR. In marked contrast, expression of the 
H2AX S140A phosphomutant was insufficient to induce 53BP1 
accumulation at the sites of DNA strand breaks. 

We had shown earUer that phosphorylated H2AX co-immu- 
noprecipitates with 53BP1 upon exposure of cells to DNA dam- 
age (3). To determine whether the region required for 53BP1 
focus localization interacts directly with y-H2AX, we used an in 
vitro pull-down assay. Six different 53BP1 GST fragments 
spanning the entire 53BP1 protein were incubated with immo- 
bilized C-terminal H2AX peptide that was either phosphoryl- 
ated or non-phosphorylated at Ser-140. Only 53BP1 fragment 
956-1354, which overlaps with the mapped focus locaUzation 
region, showed strong interaction with the phosphorylated 
H2AX peptide (Fig. 2B). As a control, no binding was detected 
to the non-phosphorylated peptide bearing identical sequence 
(Fig. 2S). 

Since H2AX directs 53BP1 accumulation in response to DNA 
damage, we asked whether H2AX is also required for the kine- 
tochore localization of 53BP1 in mitotic cells (19). As shown in 
Fig. 2C, 53BP1 can be readily detected at the kinetochores in 
H2AX-deficient mitotic cells suggesting that the kinetochore 
localization of 53BP1 is not mediated by phospho-H2AX. 

Phosphorylation of 53BP1 Is Not Required for Foci Forma- 
tion—Yfe had previously demonstrated that 53BP1 becomes 
hyperphosphorylated in response to IR, and three regions at 
the N terminus of 53BP1 were found to be phosphorylated by 
ATM in vitro (3). To map the phosphorylation sites we designed 
a series of (xST fusion peptides containing one or two ATM 
binding motifs (SQ or TQ sites). ATM kinase assays using these 
purified GST fiision proteins as substrates, and ATM kinase 
immimoprecipitated from either K562 lysates (containing wild- 
type ATM) or ATM-deficient GM03189D lysates revealed pep- 
tides aa 1-12, aa 18-37, and aa 778-791 as putative ATM 
substrates (Fig. 3A). To examine whether the respective SQ 
sites become phosphorylated in vivo, we raised polyclonal an- 
tibodies against phosphorylated Ser-6 (anti-S6P), phosphoryl- 
ated Ser-25 and Ser-29 (anti-S25P/29P), and phosphorylated 
Ser-784 (anti-S784P). All affinity-purified antisera recognized 
53BP1 in irradiated cells but not in untreated controls when 
assessed by immunofluorescence analysis (data not shown). In 
addition, anti-53BPl S25P/29P antibodies detected 53BP1 
from irradiated ATM wild-type but not ATM-deficient cells by 
Western blot analyses (Fig. SB). Pretreatment with A-phospha- 
tase aboHshed the antibody binding further vahdating that 
anti-53BPl S25P/29P specifically recognizes the phosphoryl- 
ated form of 53BP1 (Fig. 3B). 

To test whether phosphorylation of 53BP1 is required for the 
recruitment of 53BP1 to sites of DNA lesions, we generated a 
phosphorylation-deficient mutant (53BP1 4SA) by mutating 
the mapped ATM target sites (Ser-6, Ser-25/Ser-29, and Ser- 
784) to alanines. 53BP1-/- embryonic cells transfected with 
this phosphomutant showed normal 53BP1 foci formation in 
response to IR (Fig. 3C), indicating that ATM-dependent phos- 
phorylation of 53BP1 is not required for recruitment to or 
retention of 53BP1 at DNA break sites. 

Phosphorylation of 53BP1 might occur at the break areas. To 
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FIG. 3. Damage-induced phosphorylation of 53BP1 occurs in- 
dependently of 53BP1 foci formation. A, in vitro mapping of poten- 
tial ATM phosphorylation sites. ATM kinase assays were performed 
using ATM kinase immunoprecipitated from K562 lysates (ATM wild 
type) or GM03189D lysates (ATM-deficient) and GST fusion peptides 
containing one or two SQ or TQ sites of 53BP1. GST or GST fusion 
protein containing 14 amino acids surrounding the Ser-15 of p53 
(p53S15) were used as negative and positive controls, respectively. B, 
53BP1 is phosphorylated in vivo following IR. 293T cells containing 
wild-type ATM and ATM-deficient GM03189D cells were mock-treated 
or irradiated (50 Gy). After 1 h, whole cell lysates were immunoprecipi- 
tated with anti-53BPl antibody. Duplicate samples were treated with 
or without A-phosphatase (KPPase). Western blots were performed with 
anti-53BPl or an anti-phospho-53BPl antiserum raised against the 
phosphoserines 25/29 of 53BP1. C, ATM-dependent 53BP1 phosphoryl- 
ation is not required for 53BP1 foci formation. HA-tagged full-length 
53BP1 {FL) or a phosphorylation-deficient mutant of 53BP1 (4SA) were 
stably expressed in 53BPl-deficient embryonic cells. 53BP1 expression 
levels were assessed by immimoprecipitation. 53BP1 foci formation was 
analyzed by IF 1 h after 1 Gy of IR. D, 53BP1 foci formation is not 
required for ATM-dependent phosphorylation of 53BP1 following DNA 
damage. 53BPl-deficient embryonic cells were transiently transfected 
with HA-tagged full-length 53BP1 or a deletion mutant lacking part of 
the focus formation region. 53BP1 localization and ATM-dependent 
phosphorylation was analyzed 1 h after 1 Gy of IR by co-staining with 
anti-HA antibody and anti-phospho-53BPl antiserum (anti-25P/29P). 
E, an aliquot of the transfected cells was either mock-treated or irradi- 
ated with 10 Gy. 53BP1 was immunoprecipitated from cell lysates, and 
phosphorylation of 53BP1 was analyzed by immvmoblotting with the 
53BP1 phosphospecific anti-S25P/29P antibodies, wt, wild type; IP, 
immunoprecipitation. 

test this possibiUty, we transiently transfected 53BPl-deficient 
embryonic cells with the HA-tagged mutant that lacks part of 
the 53BP1 focus localization region (A1052-1305) and remains 
a difiiise nuclear locaUzation upon exposure of cells to IR. 
Co-immunostaining with anti-HA and anti-53BPl S25P/29P 
antibodies revealed that ATM-dependent 53BP1 phosphoryla- 
tion does not require 53BP1 foci formation (Fig. SD). Immuno- 
precipitation assays confirmed that 53BP1 A1052-1305 be- 
comes readily phosphorylated at Ser-25/Ser-29 in response to 
ER (Fig. 3E). These findings are consistent with a recent report 
describing phosphorylation of 53BP1 Ser-25 in H2AX-deficient 
cells (12). Taken together, these results suggest that 53BP1 
focus localization and ATM-dependent phosphorylation of 
53BP1 are regulated independently. 
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DISCUSSION 

Upon exposure of cells to genotoxic stress, 53BP1 rapidly 
redistributes from a pan-nuclear locEilization to distinct nuclear 
foci at the sites of DNA strand breaks. In this study we have 
mapped the region required for 53BP1 foci formation and ex- 
amined the role of H2AX in 53BP1 accumulation. Moreover, we 
provided evidence that phosphorylation of 53BP1 by the ATM 
kinase occurs independently of 53BP1 foci formation. 

53BP1 had been speculated to be involved in the DNA dam- 
age response based on its C-terminal tandem BRCT domains. 
This motif was first detected in the BRCAl C terminus and has 
been reported to bind directly to DNA breaks (20). Surprisingly 
the BRCT domains of 53BP1 were found to be dispensable for 
53BP1 foci formation. Instead a region upstream of the BRCT 
motifs proved to be essential for 53BP1 accumulation at sites of 
DNA strand breaks. Our data suggest that the damage-induced 
phosphorylation of H2AX directs 53BP1 accumulation at sites 
of DNA strand breaks. First, H2AX-deficient cells reconsti- 
tuted with a H2AX phosphomutant failed to induce or sustain 
53BP1 foci formation. Second, a 53BP1 fragment (residues 
956-1354) contained within the 53BP1 focus localization re- 
gion interacted strongly with phosphorylated H2AX in vitro. 
Third, 53BP1 co-immunoprecipitates with H2AX in a DNA 
damage-dependent manner (3). Thus, it is Ukely that the DNA 
damage-induced phosphorylation of H2AX at Ser-140 increases 
the interaction between H2AX and 53BP1 and leads to the 
accumulation of 53BP1 at the sites of DNA breaks. 

Interestingly the focus localization region we mapped in- 
cludes a region required for 53BP1 kinetochore localization in 
mitotic cells (residues 1220-1601) (19). Very recently. Morales 
and colleagues (21) showed that the kinetochore localization 
region is also essential for 53BP1 foci formation in response to 
DNA damage suggesting that both events might be regulated 
in a similar fashion. However, the kinetochore localization of 
53BP1 is unlikely to involve DNA lesions (19). We have shown 
that 53BP1 kinetochore localization appears normal in H2AX- 
deficient cells, suggesting that kinetochore localization of 
53BP1 is not mediated by phospho-H2AX. Further fine map- 
ping studies will be necessary to clarify whether the same 
53BP1 region initiates the recruitment of 53BP1 to DNA 
strand breaks or the kinetochore, respectively. 

Phosphorylation by the ATM kinase plays a key role in the 
activation of various proteins involved in the DNA damage 
response (for example, see Ref 22). A recent study by Bakken- 
ist and Kastan (23) revealed that ATM forms an inactive oli- 
gomer in unirradiated cells. Upon radiation, ATM is rapidly 
autophosphorylated and dissociates from the complex thereby 
providing other substrates access to its kinase domain. Inter- 
estingly autophoshorylation and activation of ATM seem to 
occur at some distance to DNA break sites, and ATM then 
migrates in the nucleus to phosphorylate various substrates 
either at the break sites or elsewhere in the nucleus (23). This 
model is consistent with our finding that ATM-dependent phos- 
phorylation of 53BP1 is not restricted to sites of DNA strand 

breaks and can occur within the entire nucleus. However, phos- 
phorylation of 53BP1 alone is unlikely to trigger 53BP1 acti- 
vation since deletion of the ATM target sites does not affect 
53BP1 relocalization. Moreover the relocalization of 53BP1 
appears to be required for efficient phosphorylation of ATM 
substrates at the sites of DNA breaks (data not shown). We 
therefore speculate that the rapid recruitment of 53BP1 to 
DNA break sites and the retention of 53BP1 at the sites of DNA 
breaks by binding to phospho-H2AX is one of the key steps in 
the activation of 53BP1 following DNA damage. 
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53BP1 is a p53 binding protein of unknown ftinction that binds to the central DNA-binding domain of p53. 
It relocates to the sites of DNA strand breaks in response to DNA damage and is a putative substrate of the 
ataxia telangiectasia-mutated (ATM) kinase. To study the biological role of 53BP1, we disrupted the 53BP1 
gene in the mouse. We show that, similar to ATM~'~ mice, 53BPl-deflcient mice were growth retarded, immune 
deficient, radiation sensitive, and cancer prone. 53BP1~'~ cells show a slight S-phase checkpoint defect and 
prolonged Gj/M arrest after treatment with ionizing radiation. Moreover, 53BP1~'~ cells feature a defective 
DNA damage response with impaired Chk2 activation. These data indicate that 53BP1 acts downstream of 
ATM and upstream of Chk2 in the DNA damage response pathway and is involved in tumor suppression. 

Defects in DNA damage recognition and repair mechanisms 
are associated with cancer predisposition. The tumor suppres- 
sor protein p53, a sequence specific transcription factor, plays 
a central role in the response of mammalian cells to genotoxic 
stress. 53BF1 (p53 binding protein 1) was cloned as a protein 
that interacts with the DNA-binding domain of p53 (13). It 
contains a tandem BRCT (BRCAl C terminus) motif (5) with 
sequence homology to the tumor suppressor BRCAl and 
DNA damage checkpoint protein scRad9. 53BP1 binds 
through the first of its C-terminal BRCT repeats and the inter- 
BRCT linker region to the central DNA-binding domain of 
p53 (7, 15) and has been shown to enhance p53-mediated 
transcription of reporter genes (14). More recently, in vitro 
studies suggest that 53BP1 participates in the cellular response 
to DNA damage. 53BP1 relocates to multiple nuclear foci 
within minutes after exposure of cells to ionizing radiation (IR) 
(2, 22, 23, 28). These foci colocalize with known DNA damage 
response proteins such as phosphorylated H2AX, RadSO/ 
Mrell/NBSl, BRCAl, and RadSl at sites of DNA lesions (2, 
22, 23). 53BP1 becomes hyperphosphorylated in response to 
IR, and several lines of evidence suggest that 53BP1 is a down- 
stream target of the ataxia telangiectasia-mutated (ATM) ki- 
nase, the product of the gene mutated in ataxia telangiectasia 
(2, 22, 28). Furthermore, 53BP1 localizes to kinetochores in 
mitotic cells, suggesting a potential function of 53BP1 in mi- 
totic checkpoint signaling (16). 

To study the biological function of 53BP1 in mammals, we 
created 53BPl-deficient mice. We report here that mice lack- 
ing 53BP1 are viable and display a phenotype that partially 
overlaps with that of ATM-deficient mice. 53BPl-deficient 
mice are growth retarded, immune deficient, radiation sensi- 
tive, and cancer prone. Thus, 53BP1 is required for an appro- 
priate cellular response to DNA damage in vivo. 

* Corresponding author. Mailing address: Department of Oncology, 
Mayo Clinic and Foundation, Rm. 1306, Guggenheim Bldg., 200 First 
St., SW, Rochester, MN 55905. Phone: (507) 538-1545. Fax: (507) 
284-3906. E-mail: chen.junjie@mayo.edu. 

MATERIALS AND METHODS 

Gene targeting and generation of 53BPl-deftcient mice. A mouse 53BP1 
cDNA fragment was used as a probe to isolate 53BP1 mouse genomic DNA from 
a mouse 129 genomic DNA phage library (Stratagene). Tbe genomic DNA was 
cloned into pZErO-2 (Invitrogen), and the exon-intron structure characterized 
by restriction digestion, Southern blotting, and DNA sequencing. The targeting 
vector was constructed by replacing the exon spanning nucleotides 3777 to 4048 
of the mouse 53BP1 gene with the PGK-neo' gene. The targeting vector was 
linearized and electroporated into 129/SvE embryonic stem (ES) cells. About 200 
G418-resistant ES clones were screened by Southern blot analysis by using a 
probe that hybridizes to a 9.8-kb ScoRI restriction fragment in wild-type cells 
and an 8.3-kb fragment in homologous recombinants. Three independent ES 
clones with homologous integration at the targeting site were injected into 
C57BL/6 blastocysts to generate chimeric mice. These chimeras were subse- 
quently crossed with C57BL/6 females, and heterozygous mice with successful 
germ line transmission of the targeted allele were used to generate 53BP1~'" 
mice. 

Generation of 53BP1~'~ MEFs and embryonic cells. Primary mouse embry- 
onic tibroblasts (MEFs) were obtained from el4.5 embryos by a standard pro- 
cedure. To generate 53BP1"'" embryonic cells, day 3 blastocytes from -/- 
matings were isolated and an embryonic cell line was established by a standard 
procedure. 

Proliferation and clonogenic assays. MEFs from three 53BP1~'~ and three 
genetically matched 53BP1*'* embryos were plated at a density of 10^ cellsAvell 
in six-well plates. Every day one set of cells was treated with trypsin and counted. 
At days 3 and 6, cells were split and replated into larger dishes. For the clonognic 
cell survival assay, 53BP1~'" and 53BP1*'* embryonic cells were plated into 
60-by-15-mm dishes and 6 h later exposed to different doses of IR. After 7 days 
of culture, the number of colonies was counted. 

Western blot and immunofluorescence analysis. Western blot analyses were 
performed by a standard procedure. Immunofluorescence staining was per- 
formed as described previously (26). Antibodies against 53BP1, Chk2, 
Chk2T68P, and 7-H2AX were generated as described previously (22, 26, 27). 
The antibodies to p53 (FL393G) and actin were purchased from Santa Cruz and 
Sigma, respectively. The antibodies to mouse NBSl and BRCAl were gifts from 
A. Nussenzweig and L. Chodosh, respectively. 

Cell cycle checkpoints and flow cytometry analysis. For analysis of G2/M 
checkpoint function, MEFs from SSBPl"'" and genetically matched 53BPl+'+ 
embryos, as well as ES cells, were irradiated with different doses of IR and 
stained 1 h later with anti-P-Histone 3 (Upstate). Aliquots of the cells were also 
labeled with bromodeoxyuridine (BrdU) for 1 h before exposure to 6 Gy of IR, 
harvested at different time points after IR, and stained with anti-BrdU-FITC 
(Becton Dickinson) and propidium iodide. To monitor radiation-induced inhi- 
bition of DNA synthesis, MEFs were labeled for 48 h with 20 nCi of ["CJthy- 
midine ml"' before exposure to 0 or 20 Gy of IR. At 30 min after IR cells were 
pulse-labeled for 30 min with 2.5 mCi of ['H]thymidine ml"' and harvested. 
Radioactivity was measured in a liquid scintillation counter. 
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FIG. 1. Targeted disruption of the mouse 53BP1 gene. (A) Map of the genomic locus surrounding the targeted exon, the targeting vector 
containing the PGK-neo cassette, and the targeted locus. A 5'-flanking probe used for screening ES cell clones and mice is indicated. (B) Southern 
blot analysis of £coRI-digested genomic DNA. (C) Multiplex PCR genotype analysis with a primer pair for the neo gene (resulting in a 455-bp 
product) and a 5' external exon (resulting in a 270-bp product). (D) Western blot of cell extracts from mouse testes with an antibody specific for 
the N terminus of 53BP1. (E) Immunofluorescence analysis of irradiated (1 Gy) 53BPl+'+ and 53BP1"'" MEFs with polyclonal antibodies raised 
against the N terminus of 53BP1. 

Thymocytes, white blood cells, and tumor cells were stained with anti-CD4- 
phycoerythrin and anti-CD8-fluorescein isothiocyanate or the respective isotype 
controls (all from Pharraingen) and then analyzed on a flow cytometer. 

Histopathological analysis and chromosome spreads. Tissues were collected 
and fixed in 10% buffered formalin or Bouin's ikative, embedded in paraffin 
blocks, sectioned, and stained with hematoxylin-eosin. Metaphase spreads were 
prepared by a standard procedure. 

RESULTS 

Phenotype of 53BPl-deficient mice. To analyze the physio- 
logical role of 53BP1 in mammalian cells, we generated 53BP1- 
deficient mice. The targeting vector was constructed by replac- 
ing the exon spanning nucleotides 3777 to 4048 of the mouse 
53BP1 cDNA with the PGK-neo"' gene (Fig. lA to C). 
53BP1"'^ mice were viable and born at ratios close to the 
expected Mendelian proportion (25% [+/+], 52% [+/-], and 
23% [-/-]). The complete absence of 53BP1 protein was 
confirmed by Western blot and immunofluorescence analyses 
with antibodies raised against the N terminus of 53BP1 (Fig. 
ID and E). 

Since 53BP1 is a putative substrate of ATM in the DNA 

damage response pathway, we examined whether 53BP1"'" 
mice show a similar phenotype as ATM-deficient mice. 
ATM^'~ mice are growth retarded and ATM-deficient fibro- 
blasts grow poorly in culture (3, 9, 30). Similarly, 53BP1"'" 
mice are significantly smaller than their +/+ and +/- litter- 
mates (male, 38.29 ± 3.6 g [+/+], 28.28 ± 3.5 g [-/-], and 
34.91 ± 2.6 g [+/-]; female, 29.38 ± 4.8 g [+/+], 23.85 ± 3.1 g 
[-/-], and 27.89 ± 3.5g [+/-]; also see Fig. 2A). Consistent 
with this finding, MEFs derived from E14.5 null embryos 
showed a lower proliferation rate than genetically matched 
wild-type controls (data not shown). ATM-deficient mice are 
infertile due to meiotic failure (3, 9, 30). In contrast, both male 
and female 53BPl-deficient mice were fertile, although the 
average litter size of 53BP1"'^ intercrosses was slightly re- 
duced compared to 53BPl-wild-type intercrosses (data not 
shown). Histological examination of the testes revealed no 
overt defect in spermatogenesis, suggesting that 53BP1 plays 
no apparent role in meiosis. 

Cell cycle checkpoint regulation in 53BP1~'" cells. ATM- 
deficient cells exhibit a defect in the G2/M checkpoint and do 
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not arrest in G2 in the first 2 h after IR (for example, see 
reference 29). However, flow cytometric analysis of phospho- 
H3-positive mitotic embryonic cells revealed no apparent 
G2/M checkpoint defect in 53BP1"''' cells in response to dif- 
ferent doses of IR (Fig. 2B and data not shown). 

Several hours after IR, ATM-deficient cells show a pro- 
longed accumulation in G2/M (29). A similar phenotype was 
observed in 53BP1"'' fibroblasts. As shown in Fig. 2C, irradi- 
ated 53BPl-null cells, like 53BPl-''+ cells, were arrested in G2 
but showed a delayed exit from the Gj/M phase. Consistent 
with 53BP1^'^ cells arrested at the G2 phase, the percentage 
of mitotic cells 24 h after IR was approximately three times 
lower in nocodazole-treated 53BP1~'~ cells than in 53BP1 
wild-type cells, as assessed by immunostaining with anti-phos- 
pho-histone H3 antibodies (data not shown). 

Cells derived from ataxia telangiectasia patients show a de- 
fect in the IR-induced Gj delay (18). In contrast, 53BPl-defi- 
cient MEFs, synchronized by a cycle of serum starvation and 
release, exhibited a normal Gj arrest in response to 10 to 20 Gy 
of IR (data not shown). 

ATM-deficient cells also feature a defect in the intra-S phase 
checkpoint, resulting in a radioresistant DNA synthesis phe- 
notype (3). Both 53BP1+'"*^ and 53BP1"'" fibroblasts showed 
inhibition of DNA synthesis in response to 20 Gy of IR, al- 
though the response was slightly impaired in 53BP1~'" cells 
(Fig. 2D). 

Thus, although 53BP1 may play a subtle role in intra-S- 
phase regulation, it appears not to be critical for Gj or early 
G2/M checkpoint control. 

Radiosensitivity of 53BP1~'~ mice and cells. Another hall- 
mark of ATM-deficiency is extreme radiation sensitivity (for 
example, see reference 3). Similarly, 53BP1~'" mice showed a 
marked hypersensitivity to whole-body irradiation. All 
53BP1~'" mice died by 14 days after exposure to 8 Gy of IR, 
whereas the majority of 53BP1^'^ mice were viable for at least 
2 months after irradiation (Fig. 2E). Necroptic examination 
revealed radiation-induced intestinal bleeding and bone mar- 
row failure as the cause of death (data not shown). Consistent 
with this finding, in vitro clonogenic survival assays with em- 
bryonic cells indicated a two- to threefold-higher radiation 
sensitivity in 53BPl-deficient cells than in 53BPl-wild-type 
cells, although the difference was less dramatic than in vivo 
(data not shown). 

Chromosomal instability of 53BP1~'~ cells. To determine 
whether loss of 53BP1 causes chromosomal instability, another 
characteristic of ATM~'~ cells, we examined metaphase 
spreads of passage 3 53BP1-''" and 53BP1+'"^ MEFs. Unlike 
ATM-deficient cells, 53BP1"'" fibroblasts showed no sponta- 
neous chromosomal breaks. However, we observed a tendency 
toward aneuploidy and/or tetraploidy in 53BPl-null cells, sug- 
gesting a possible defect in chromosome segregation (Fig. 2F). 

Immunodeficiency and thymic lymphomas in 53BP1"'~ 
mice. ATM"'' mice show various immune defects, including 
reduced numbers of pre-B cells, thymocytes, and peripheral 
T cells, and develop malignant thymic lymphomas by be- 
tween 2 and 4 months of age (3, 9, 30). We therefore sought 
to determine whether the loss of 53BP1 might be accompa- 
nied by immunological abnormalities and predisposition to 
tumor formation. Indeed, thymus cellularity in 53BP1"'' 
mice was reduced by 40% compared to wild-type litter- 

mates. Immunophenotyping of 6-week-old mice revealed an 
approximately twofold reduction in the percentage of CD4^ 
mature thymocytes (with absolute average numbers of 7 X 
10« cells in 53BP1^'+ mice and 2.8 x 10* cells in 53BP1"'" 
mice) accompanied by a maximum twofold increase in the 
percentage of CD4" CD8" progenitors. CD4* T lympho- 
cytes in the peripheral blood of 53BP1"'~ mice were also 
reduced by approximately twofold (with absolute average 
numbers of 8.2 X 10^ cells/ml in 53BP1"'" mice and 16.9 x 
10^ cells/ml in 53BP1+'^ mice). Furthermore, of 101 
53BP1"'" mice, 8 developed massive thymic lymphomas 
with or without infiltration of the lymph nodes, spleen, and 
kidney at the ages of 4 to 7 months (Fig. 3A to C). Flow 
cytometric analysis of three of these tumors revealed a 
CD4* CDS"^ immunophenotype (Fig. 3A and data not 
shown). Although the tumor frequency in 53BP1''" mice is 
much lower than in ATM*'" mice (8% versus 100%), it is 
highly significant since none of the 53BP1"-''-' and 53BP1+'* 
mice {n = 54 and n = 97, respectively) developed any 
tumors over the same time period. In addition to the eight 
53BP1"'* mice with malignant lymphomas, nine more 
53BP1"'" mice died at the ages of 1 to 7 months without 
overt detectable tumors (Fig. 3D). Given the chronic immu- 
nosuppression of 53BP1"'" mice, it is possible that some of 
these deaths might be due to overwhelming opportunistic 
infections. Among the control animals, only one 53BP1^'^ 
mouse and two 53BP1"^'" miced died of unidentified rea- 
sons (Fig. 3D). 

Role of 53BP1 in DNA damage signaling pathway. The par- 
tially overlapping phenotypes of 53BP1- and ATM-deficient 
mice support the hypothesis that 53BP1 acts downstream of 
ATM in the DNA damage pathway. ATM becomes activated 
in response to irradiation and phosphorylates numerous 
downstream targets, including H2AX, NBSl, Chk2, and p53, 
that mediate cell cycle checkpoint control and DNA repair 
(for example, see reference 1). To obtain a better under- 
standing of the complex organization of this pathway, we 
examined the effect of 53BP1 deficiency on the activation of 
some of these downstream targets. 

We have shown earlier that 53BP1 associates with 7-H2AX 
within minutes after exposure to IR (22), thus raising the possi- 
bility that 7-H2AX may be required for the recruitment of 53BP1. 
Indeed, 53BP1 foci are not observed in H2AX-deficient cells (6). 
Consistent with this model, 7-H2AX foci formation was found 
normal in 53BP1"'" MEFs (Fig. 4A), suggesting that 53BP1 acts 
downstream of ATM and H2AX. Since H2AX is also required 
for the localization of NBSl to the sites of DNA breaks (6,21), we 
examined whether any of these events are 53BP1 dependent. As 
shown in Fig. 4A, radiation-induced NBSl foci formation appears 
to be normal in 53BP1"'" cells, suggesting that 53BP1 is not 
required for the recruitment of NBSl to sites of DNA strand 
breaks. 

Chk2 is another downstream effector of ATM. Chk2 is 
activated after IR and contributes to the IR-induced check- 
point control by phosphorylating several substrates includ- 
ing Cdc25C, Cdc25A, BRCAl, and p53 (4). ATM phosphor- 
ylates Chk2 at Thr-68 in response to IR, and this 
phosphorylation event is required for the full activation of 
Chk2 kinase (19, 20). Coimmunoprecipitation analyses dem- 
onstrate an interaction between 53BP1 and Chk2 in undam- 
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aged cells (Fig. 4B). Interestingly, this interaction decreases 
after IR (Fig. 4B). Since we have shown earlier that the 
activated form of Chk2 localizes in distinct foci at the sites 
of DNA lesions (27), we first examined the focus formation 
of phospho-Chk2. In these experiments, we used a guinea 
pig  anti-Chk2T68P  antibody  that  specifically  recognizes 

Chk2 in Chk2+'"^ cells but not in Chk2"''- cells (Fig. 4G). As 
shown in Fig. 4C, focus formation of phosphorylated Chk2 
(Chk2T68P) was abolished in 53BPI~'^ MEFs upon expo- 
sure to 1 Gy of IR. Furthermore, Chk2 phosphorylation, as 
as.se,s.sed by gel mobility shift, was reduced in 53BP1~'" 
MEFs in response to low doses of radiation (<5 Gy, Fig. 4E 
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(B) Coimmunoprecipitation of 53BP1 and Chk2 in untreated or irradiated 293T cells. (C) Activated Chk2 phosphorylated at Thr 68 (Chk2T68) 
forms foci in 53BP1*'* MEFs 1 h after exposure to 1 Gy of IR. No foci are detectable in 53BP1"'" MEFs at this low dose of IR. 7-H2AX staining 
is shown as a control. (D) Chk2T68P foci form in both 53BPl+'+ and 53BP1~'" cells in response to 20 Gy of IR. (E) Chk2 mobility shift is reduced 
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and F). However, no difference in Chk2T68 focus formation 
or Chk2 mobility shift was observed at high doses of IR (Fig. 
4D and F and data not shown). These findings suggest that 
53BP1 is required for optimal activation of Chk2 after low 
doses of IR. 

DISCUSSION 

By disrupting the 53BP1 gene, we generated mice that lack 
53BP1 protein. 53BPl-deficient mice are growth retarded, im- 
munocompromised, and highly radiation sensitive. Further- 
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more, 8 of 101 53BP1"'" mice developed lymphoid tumors at 
4 to 7 months of age. Cells derived from 53BPl-deficient mice 
show a tendency to genetic instability and feature a defective 
DNA damage response with impaired Chk2 activation. Thus, 
53BP1 is likely to be required for the cellular response to DNA 
damage, although its precise role remains to be resolved. 

We did not observe any marked cell cycle checkpoint defects 
in 53BP1-deficient cells. B cells from 53BPr'" mice (11), as 
well as human cell lines treated with small interfering RNA 
directed against 53BP1, show an impaired early GjM check- 
point in response to low-dose IR (25). However, we failed to 
detect this defect in 53BP1"'" mouse embryonic cells. This 
discrepancy may be due to tissue-specific functions of 53BP1 
since the experiments were performed with different types of 
cells or cell lines. Similarly, H2AX~'~ B cells show a clearly 
impaired early GjM checkpoint, whereas the defect is very 
minor in H2AX"'"^ MEFs (11). 

The prolonged G2 arrest observed several hours after expo- 
sure to IR is unlikely to represent a checkpoint defect but 
rather reflects an impaired ability to repair DNA double- 
strand breaks (DSBs) prior to progressing through the cell 
cycle. This idea is supported by the hypersensitivity of 53BP1- 
deficient mice to IR. Mammalian cells arc thought to repair 
DNA DSBs primarily by nonhomologous end joining (17). 
Homologous recombination, the predominant DSB repair 
pathway in bacteria and yeast, appears to have a minor con- 
tribution to the repair of IR in adult mice, although it plays a 
major role during DNA replication in embryos (10). The IR 
hypersensitivity observed in adult 53BP1"'" mice, together 
with a moderate IR sensitivity seen in embryonic cells, points 
to a defect in the DNA end-joining pathway. However, further 
experiments need to be conducted to resolve the precise repair 
defects in 53BP1-deficient cells. 

One important function of DNA end joining lies in the 
processing of RAGl/2-induced DSBs that arise during the 
rearrangement of V(D)J segments in T-cell receptor and im- 
munoglobulin genes (10). Unrepaired RAG-induced DSBs can 
initiate translocations that lead to oncogenic gene amplifica- 
tion and transformation (8, 31). 53BP1-deficient mice exhibit 
immunological abnormalities and an increased risk of devel- 
oping lymphomas. We speculate that 53BPI"'^ lymphomas 
arise from an inability to detect or repair abnormal V(D)J 
recombination, although further studies are necessary to clar- 
ify the underlying mechanism of lymphoma development in 
53BP1-deficient mice. 

53BPl-deficient cells exhibit a defect in Chk2 activation in 
response to low-dose IR. Interestingly, the phenofypc of 
Chk2~'" mice is very different from that of 53BPr'" mice. 
Chk2-deficient mice show reduced sensitivity to IR, and 
Chk2~'" thymocytes exhibit resistance to IR-induced apopto- 
sis (12, 24). In contrast, 53BPr'" mice are IR hypersensitive 
and 53BP1~'"^ thymocytes show increased IR-induced apopto- 
sis (unpublished observations). These differences indicate that 
the phenotype of 53BP1-deficient mice or cells is not primarily 
mediated by Chk2, although 53BP1 is required for optimal 
Chk2 activation in response to low-dose IR. 

Taken together, our data demonstrate that 53BP1 plays a 
role early in the DNA damage response pathway. 53BP1 acts 
downstream of ATM and H2AX and participates in a subset of 
ATM functions. 53BP1 is required for optimal activation of 
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Chk2 in response to low doses of IR. More importantly, loss of 
53BP1 leads to radiation sensitivity and tumorigenesis in mice, 
further supporting the hypothesis that defects in DNA damage 
responses contribute to tumorigenesis in mammals. 
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